Abstract: Measures of diversity depend on an eclectic taxonomy now being developed from comparisons of morphology, developmental programs, carbohydrate chemistry, fatty acids, and nucleotide sequences in a wide range of arbuscular fungal taxa obtained from living culture collections. Developmental patterns in character origin and transformation are providing clues of intrinsic causation in evolution of diversity. Extrinsic causation is being identified from population-level dynamics, as well as data on species numbers, abundance, composition, and distribution. Detection of species is based solely on sporulation, so that a combination of field sampling and various trap culture methods provide a more comprehensive estimate of fungal community organization. Species distributions rarely correlate with ecological gradients or hypothesized phylogenetic relationships, suggesting that an important causal factor of present-day distributions is dispersal over geologic time. Global distribution of both derived and ancestral species and representation of all genera in most plant root systems further indicate that local diversity has a strong historical component, with ecological processes of subordinate consequence. Ecological dynamics play a crucial role at the local level. They are governed by multilevel diversity among and within organisms of a species assemblage, such as differences in life history traits and heterogeneity of genetic and physiological properties, respectively.
. Combined evidence from the fossil record (Pirozynski and DalpC 1989) , extant morphologies (Morton 1990a) , and rDNA nucleotide sequences (Simon et al. 1993) suggest an ancient origin. Thus, issues of origin and maintenance of diversity in arbuscular fungi involve temporal scales of days to over 250 million years and spatial scales of one root system to global distributions.
Patterns of fungal diversity at all organizational levels have been identified and tentative explanations of process have been advanced Walker 1992) . However, testing these and newer hypotheses depends on a clear understanding of both the limits and the promise of experimental methods and design. In this paper, we examine the nature and information content of methods now being used to carry out systematic analyses and construct an eclectic taxonomy, to measure and interpret species diversity and distribution, and to determine genotypic and phenotypic variability within and among organisms of species assemblages.
An eclectic taxonomy
A formal taxonomy of arbuscular endomycorrhizal fungi is only 20 years old, the result of which is inevitable growing pains. Numerous obstacles exist, such as (i) the necessity of growing the fungi on whole plants or explants, (ii) reliance on subcellular morphological characters of spores that are difficult to see and interpret, and (iii) lack of training of the majority of working scientists (Morton 1993) . Progress is being made through improved and varied culture regimes (BCcard and PichC 1989; Hung and Sylvia 1988; Millner and Kitt 1992; Morton et al. 1993) , source material from living culture collections such as the International Collection of Arbuscular and Vesicular-arbuscular Mycorrhizal Fungi (INVAM) ) and the Bank of European Glomales (BEG) (Dodd et al. 1994) , and comparative approaches involving a wider range of character data sets.
Morphological characters
Morphology can be defined empirically from developmental patterns and processes for application to taxonomic problems. Comparative studies in Gigaspora (S.P. Bentivenga and J.B. Morton, unpublished) and Scutellospora (Franke and Morton 1994; Morton 1995) provide the basis for a developmental model (Fig. I ) to test against a wider range of taxa in other genera. This model delineates onset and termination (offset) of character origins as well as a hierarchically ordered sequence in differentiation and transformation of subcellular characters. Preliminary evidence suggests that the character hierarchy (primary, secondary, tertiary) is universal within Glomales, but specific characters and the manner in which they differentiate are unique to each family.
A developmental hierarchy implies constraints on morphological character variation. These constraints are measured by a narrower range of variation in characters of a target group compared with homologous characters in a closely related group (McKitrick 1993) . Explanatory power of the model in Fig. 1 relies on comparisons of taxa in closely related (sister) groups relative to an ancestral outgroup. As an example, we compare known characters and their states in two related groups in Gigasporaceae (Gigaspora and a subgroup of Scurellospora united by an identical bilayered flexible inner wall) relative to a hypothesized outgroup, Glomus.
In all three groups, species-level variation is confined mainly to characters of the spore wall (Fig. 1) . However, different degrees of constraint on those characters lead to different estimates of the number of possible species in each group, with the greatest constraints in Gigaspora and the least in Glomus (Table 1) . Characters of the spore wall are directly comparable in spores of Gigaspora and the Scutellospora subgroup because differentiation sequences are identical. Constraints on these characters appear to be coupled with germination events in both groups. Germ tubes arise directly from the innermost papillate layer of that spore wall in Gigaspora. In the spore wall of these species, laminae color of healthy spores is white to yellow and ornamentations on the outer layer are absent. Germ tubes arise from a germination shield associated with a flexible inner wall that differentiates separately from the spore wall in the Scutellospora subgroup. In spores of these species, laminae color ranges from white to reddish black and the outer layer has many kinds of ornamentations. Constraints in this group shift to the flexible inner wall, which is invariant in all species (Morton 1995) .
The lack of constraints on variation in spore wall characters in Glomus may be partly explained by the dissociation of germination events from spore wall differentiation, although development in this group has not yet been studied in detail. Other genealogical factors also are likely to be important. Glomus may have an evolutionary origin more distant from Gigaspora and Scurellospora than has been previously hypothesized (Morton 19906; Simon et al. 1993) , based on developmentally defined characters and P-1,3-glucan distribution in fungal cell walls .
The disparity between estimated and realized diversity calculated in Table 1 is partly due to unavoidable sampling "A subgroup of Scutellospora sharing an identical bilayered flexible inner wall and exhibiting species-level variation only in layers of the spore wall (Morton 1995) .
' As revised by Almeida and Schenck (1990) to include most Sclerocysris species. "Calculated from the product of all observed states in spores of each group.
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Species number
Measurement of species richness is the simplest index of taxonomic organization in communities (Magurran 1988) . Despite equivocal species identifications in the literature, numbers of observed species are presumed to be accurate because they represent the sum of distinct spore morphotypes present in a sample. The problem is detecting organisms of all species present in roots of a plant community. Niche partitioning is important in spore formation, especially because a threshold level of colonization appears to be required ( architecture, and differential histochemical staining provide some measure of taxonomic structure in roots, but only at the family level and above (Abbott and Gazey 1994; Morton and Bentivenna 1994) . Species richness is assumed to increase with geographic range for any group of organisms (Ricklefs 1989) . The lack of such a correlation in Table 2 likelv is a result of local sampling error or plant -environment interactions, which affect the proportion of sporulating and nonsporulating fungi in plant roots. Tews and Koske (1986) report that a minimum of 30 field samples are needed to estimate species diversity in sand dune plant communities. Alternatively, species richness in a 75-m2 undisturbed old field near Durham. N.C.. required an exhaustive combination of field collectibns and culture strategies (J.D. Bever, unpublished; Fig. 2 ) to recover a majority of the mycorrhizal colonizers. These results suggest that no single method can be standardized for all habitats.
On a local scale, the question of species saturation in a root system has not been resolved, probably because the result depends so much on stochastic dispersal events and contingent host -soil -environmental conditions. A safe generalization is that more than one fungus is usually (if not always) present. Four or more can be present in extreme environments with monospecific plant communities (Morton 1986 ; Fig. 2 ) and eight or more sporulating fungi are recovered from pot microcosms (J.B. Morton, unpublished) or widely spaced plants in the field (Koske 1987 ).
Species abundance
bun dance of each fungal species in a mycorrhizal plant community is enumerated from spore counts, but there is no evidence of a cause and effect relationship (let alone consistent correlation) between sporulation and niche occupation (Bmndrett 1991; Johnson et al. 1991a; Pearson and Schweiger 1993) . Spore numbers provide indirect evidence of increased carbon partitioning to reproduction of an organism after a threshold level is reached (Gazey et al. 1992 ; Pearson and Schweiger 1993). Spore biovolume (e.g., Koske 1987) probably is a more accurate measure of resource allocation to sporulation when spores of a species assemblage are of unequal size (as often is the case). At the very least, the various models incorporating richness and abundance into single indices or rank-abundance plots (Magurran 1988 ) establish some measure of the dominant fungi in a mycorrhizal community at all scales (Table 2) . Interpretations so far have taken these limitations into account (Koske 1987; Johnson et al. 1991a Johnson et al. , 1991b Sturmer and Bellei 1994) .
Traditional rank-abundance models have, as part of their assumptions, niche preemption (e.g., geometric and log series plots) or equitability among species in sharing resources (e.g., broken stick model) (Magurran 1988) . In a comparison of fungal communities in the field and in associated trap cultures (Fig. 3) , spore abundance appeared to be more equitably distributed among species in the former than in the latter. However, greater number of species were recovered in the traps than in the field samples. These data suggest that niche preemption may be as intense in field as in pot culture environments when nonsporulating fungi are taken into account. Rank-abundance models of glomalean fungi, therefore, do not have the same meaning as they do for plant and animal community ecologists. They indirectly reflect carbon allocation patterns of the fungal community to sporulation (Sturmer and Bellei 1994) .
Species composition and distribution
Accurate identification of species is needed to define species composition on local or regional scales. Most spores from field soil extractions, especially those of fungi in Glomus and Gigaspora, often are difficult or impossible to identify unless sporulation is high and parasitism is minimal (Morton 1993) . Trap cultures can yield larger numbers of healthy spores and a better quantitative representation of local diversity, especially when they are established from rhizosphere soils containing few spores or infectivity of indigenous fungi is low (Figs. 2 and 3) .
It currently is fashionable to view community structure as caused by local ecological processes. Larger scale historical processes, such as long-distance dispersal, vicariance, and speciation, are largely ignored or avoided (Ricklefs 1989 ).
Historical processes may be as important, if not more so, than local ecological processes in the study of arbuscular fungi for a number of reasons. First, species composition in communities on both local versus regional scales often overlap and includes unrelated taxa representative of all families in Glomales (Table 2) . Second, the distributions of individual species rarely have been correlated with ecological factors . Only in one report was temperature and soil particle composition considered to constrain the distribution range of Scutellospora weresubiae Koske & Walker (Koske and Walker 1986 ). Third, endemism is rationalized on the absence of taxa, whereas the presence of mostly unrelated taxa in speciose localities suggests broad dispersal. As a corollary, available data indicate both ancestral and derived species in all genera (e.g., Acaulospora (INVAM Biogeographic Database, unpublished) . Last, as many as eight species can coexist and even sporulate in pot microcosms where root growth is limited and the potential for niche preemption is theoretically high (Fig. 3; J. B. Morton, unpublished) . Any study that seeks to make strong ecological interpretations of community dynamics exclusive of historical processes, therefore, must have a reasonable estimate of species diversity at sites prior to application or comparison of treatments. Most of the current literature, especially those involving chronosequences (e.g., Johnson et al. 1991a ), can be interpreted in different ways depending on the extent to which local versus historical processes are acknowledged.
While local species composition has a strong historical component, broader temporal and spatial scales together with stochastic dispersal of fungal propagules reduces the phylogenetic value of biogeographic data. For example, the hypothesis that Scutellospora is ancestral to Gigaspora is much weaker from data on biogeographic distribution (Walker 1992) than that from rDNA sequence analysis (Simon et al. 1993) .
Organisms of species assemblages
Plants in natural settings are colonized by fungal organisms of different species that constitute taxonomic components of a mycorrhizal community (see above). Coexistence of species representing most, if not all, genera in the same root system presupposes the lack of host specialization, but it does not exclude the possibility of preferential host effects directly on an organism's life history traits or indirectly on competition among coexisting fungal organisms.
The dynamics among organisms within or among root systems has been inferred primarily from sporulation measurements. For example, management practices such as grazing (Bethlenfalvay and Dakessian 1984) and cropping history (Johnson et al. 1991b; Schenck and Kinloch 1980) affect sporulation of individual fungi. Organisms of different fungal species at a site can sporulate differentially with time and with host species (Bentivenga and Hetrick 1992 ). While M &~ traits alter the ability of a fungal genotype to enhance plant growth, such as rate and extent of hyphal exploration of soil, efficiency of nutrient uptake from soil, efficiency of nutrient transfer to the host, and the magnitude and timing of carbon draintpartitioning with the host (Smith and GianinazziPearson 1988) . The physical contribution of each member organism of the mycorrhizal community in one root system requires some direct estimate of the proportion of root length colonized. McGonigle and Fitter (1990) were able to do this by comparing fine and coarse endophytes, whereupon they affirmed that some ecological specificity exists and preferential colonization of a host occurs. Testing the universality of this phenomenon will require other detection and monitoring probes. The problem is that mycorrhizal morphology is not fungal species specific (Abbott and Gazey 1994; Morton and Bentivenga 1994) and monoclonal antibodies (Wright and Morton 1989 ) and other molecular robes currentlv lack either specificity, sensitivity, or analytical capability.
Differential effects of individual fungi in a mycorrhizal community at all scales has not been well established, partly because of their complexity with changing host-environment conditions and partly because of difficulties in culturing all organisms from each sample site. Hetrick and Wilson (1990) showed that plant responses can be equivalent between an individual fungus and an assemblage of seven fungal genotypes. However, the assemblage represents a combination of organisms that could be interacting additively, synergistically, or antagonistically. In one preliminary experiment, two fungal organisms of different species increased shoot growth of Glycine m L. additively (Fig. 4 ) (S.P. Bentivenga and McCarthy, unpublished) . In another, where fungal assemblages were the experimental unit, management practices appeared to reduce effectiveness by selecting for less beneficial fungal genotypes (e.g., Johnson 1993 ). This hypothesis is testable by partitioning each organism and defining its life history traits and mycorrhizal phenotype (Abbott and Gazey 1994) . Unfortunately, test conditions may not be equivalent to the original environment of the species assemblage, so that results could still be ecologically misleading. The results of field experiments on mycorrhizal growth benefits from single organisms or species assemblages are contradictory (McGonigle 1988) .
Population dynamics of arbuscular fungi may best be described by the metapopulation concept currently applied to many plant pathogens (Burdon 1993; Antonovics et al. 1994 ). This concept is based on recognition that many intraspecific populations are patchily distributed and composed of subpopulations, each with their own set of microenvironmental conditions (Hanski and Gilpin 1993) . Local fecundity and extinction are influenced by these microenvironments. The isolated subpopulations interact only when dispersal events bring individuals from disjunct subpopulations together. Mathematical models of metapopulation dynamics may prove useful in describing competition, reaction to disturbance, dispersal, and survival. They may also provide insight into a link between a (within site) and /3 (between site) diversity.
Suborganismal assemblages
All current ecological models are based on delineation of individuals, the experimental units of a population. Spores or discrete hyphal fragments have operational individuality in that they can be extracted singly and used to initiate a new mycorrhiza. However, the mycelium of a fungal organism is a potential reservoir of different genotypes, depending on the degree of nuclear heterogeneity and migration, histocompatability, and nuclear exchange (Rayner 1991) . Arbuscular fungi in Glomales are no exception. They are multinucleate and the nuclei are capable of migration in coenocyctic hyphae. The extent of homogeneity among nuclei of single cells has yet to be empirically defined, so the rate and magnitude of intraorganismal variation remains unknown. Anastomosis appears to occur to at least a limited extent among sympatric organisms of a species (Tommerup 1988) , although the potential for genetic exchange among individuals still is poorly defined. The only tools available to study these phenomena are biochemical or genetic markers of individual nuclei or of organisms started from carefully delineated inocula, such as single spores or individual hyphal fragments.
Diversity in the balance
Patterns of diversity at all organizational levels suggest an equilibrium between positive and negative intrinsic developmental and extrinsic ecological forces on coevolution of fungal symbionts and their plant partners. Obligate biotrophy by the fungal partner is balanced by a broad host range. Numerous migratory nuclei in a potentially chimeric mycelium provides genetic versatility in the absence of a sexual cycle; independent assortment of nuclei may substitute for independent assortment of genes. Growth habit and ecological versatility in conjunction with wide host range confer potential immortality and hence a greater probability for widespread distribution through geologic time and space. Historical processes, then, become important in interpreting community and ecosystem dynamics. They are likely to intergrade with local-scale ecological processes, requiring new approaches to partition the relative contributions of each to measures of diversity at all levels.
